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Abstract

We show experimentally, and interpret theoretically the conical and multiconical emission of degenerate optical

parametric oscillators in monolithic mini-cavities. We show the tunability of the conical emission angle, the switching

between different resonant cones, and simultaneous emission on different cones, depending on the pump angle as well as

on the length of the resonator.

� 2005 Elsevier B.V. All rights reserved.

PACS: 42.65.Yj; 42.65.Sf; 47.54.+r
Transverse pattern formation in broad aperture

lasers and in other nonlinear optical resonators

like photorefractive oscillators, and optical para-

metric oscillators (OPOs) is attracting an increas-

ing interest. The interest stems both: from the
fundamental physical viewpoint, since the nonlin-

ear optical systems are convenient systems for
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studies of self-organization and pattern formation

in spatially extended systems; from the viewpoint

of applications, since optical patterns have an

application potential for parallel information pro-

cessing, for image processing, nonlinear micros-
copy, and related topics. Pattern formation in

nonlinear micro- and mini-cavities is especially

attractive from the application viewpoint due to

the compactness of the system.

Transverse patterns have been predicted to

occur and observed in several different nonlinear
ed.
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Fig. 1. Spectral characteristics of the coatings of the monolithic

OPO mini-cavity.
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optical systems (see, e.g. [1,2] for a review). In the

case of a quadratic nonlinear interaction patterns

have been predicted in OPOs [3–5], in degenerate

OPOs [6–8], and in second harmonic generation

(SHG) [9–11]. Degenerate OPOs are particularly
interesting due to the possibility of excitation of

phase patterns [12–14], and of phase solitons

[15]. Experimentally transverse patterns have been

observed for OPOs [16–18], and for second har-

monic generation [19]. No patterns have been seen

for degenerate OPOs, or for OPOs in monolithic

cavities.

The work reported in the present article is a step
towards spatial pattern generation in degenerate

OPOs: we show the linear and weakly-nonlinear

stage of the pattern formation, i.e., the conical

(off-axis) emission. It is known that conical emis-

sion is an essential ingredient of transverse pattern

formation: the patterns occur due to the instability

of a homogeneous (trivial – dark or nontrivial –

bright) solution with respect to spatially modu-
lated modes with the modulus of transverse

wave-number |k| depending on the resonator

detuning. This means an off-axis (conical) emission

with the cone angle depending on the detuning,

which is a ‘‘weakly nonlinear’’ precursor of the

nonlinear transverse patterns. In particular we

show: (1) that the angle of conical emission is tun-

able; (2) that the emission on different resonant
cones is possible; and (3) that the signal and idler

waves can reside on different cones of resonance

(multiconical emission). We also give a theoretical

interpretation of the experimental observations.

The experiments used a BBO type I crystal of size

5 · 5 · 1.7 mm, with the thickness 1.7 mm along the
Fig. 2. Experimental scheme: F.I. – Faraday isolator; L1
propagation direction. The phase matching direc-

tion for degenerate parametric down conversion at
532 nm is coincident with the optical axis of the

cavity (crystal orientation angles are: h = 22.8�,
and / = 90�). High-transmission coatings for 532

nm and high-reflection coatings for 1064 nm were

used, resulting in a monolithic mini-cavity for sub-

harmonic radiation. Fig. 1 shows experimentally re-

corded spectral characteristics of micro-cavity

coatings for 1064 nm wave region. High reflectivity
94% at 1064 nm results in finesse of the cavity

F = 50. Spectral measurements show that degener-

ate operation at 1064 nm occurs, resulting in a high-

er threshold for nondegenerate operation.

The experimental scheme is shown in Fig. 2. The

pump source is a Nd:YAG passively modulated

laser, generating 1064 nm pulses of 13 ns duration,
, L2 – telescope lenses; L3 – far field imaging lens.
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5 mJ energy and TEM00 spatial mode. A Nd:YAG

double pass amplifier enhances the energy of the

pulses up to 50 mJ. The diameter of the beam is

�2 mm after reduction by a two lens telescope.

The OPO pumping is performed by the second har-
monic of the pump laser, generated in a DKDP

type II crystal. A k/2 wave plate is used for energy

attenuation of the pump beam. After second har-

monic generation the fundamental frequency is

completely filtered, so no seed injection was present

in the experiments. In the case of 13 ns pulse dura-

tion, around 1000 resonant wave cavity round trips

is possible in a 1.7 mm long BBO resonator.
Q-switching of the pump laser leads to emission

with a small number of longitudinal modes (usually

a single- or two neighboring longitudinal modes

are emitted). The mini-cavity orientation with

respect to the pump beam can be changed in both

directions. After passing the mini-cavity the pump

beam is filtered out. A CCD camera and f–f lens

system was used for observation and recording of
the OPO far field pattern.

First, wemeasured themain resonator character-

istics of the mini-cavity. We explored the transmis-

sion of the cold resonator by illuminating it with

radiation at the sub-harmonic at k = 1064 nm in

the absence of a pump beam. Transmission reso-

nances were observed at some angles as shown in
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Fig. 3. Resonances of the cold cavity: an experimentally

recorded transmission coefficient depending on a tilt of the

cavity in one (of two possible) direction (continuous line –

adjacent averaging smoothing of experimental points).
Fig. 3. The good separation of longitudinal modes

(resonant rings) indicates relatively good finesse of

the Fabry–Perot resonator, and certifies the above-

evaluated value of resonator finesse. An additional

variation of the detuning (the cavity length) is possi-
ble by changing the temperature of the monolithic

mini-cavity, resulting in variation of the radii

of the concentric rings. Temperature change over

10 �C corresponds to the change of the full cavity

length by one k, i.e., allows tuning over a free spec-

tral range of the mini-cavity transmission.

In the case of a monolithic BBO mini-cavity

only a few parameters can be varied for achieving
optical parametrical oscillation: (1) cavity face

plate orientation with respect to the direction of

the pump beam in both directions: along the phase

matching direction and transversally to it and (2)

cavity detuning through temperature induced crys-

tal length change. In this experiment, we kept the

cavity temperature constant. The BBO monolithic

mini-cavity was pumped with 532 nm pulses of 10
mJ energy, and 13 ns duration. The pump beam

diameter at the mini-cavity face plate was 2 mm.

OPO radiation was observed for mini-cavity opti-

cal axes oriented at small 0.5–1.2� angles with re-

spect to the pump beam in the phase matching

direction. The lowest OPO threshold of 7 mJ

pump beam intensity (17 MW/cm2) was observed

for 0.75� incidence angle (OPO conversion effi-
ciency to signal and idler waves for a 10 mJ pump

beam was 2.5%). Fig. 4 shows a typical far field

OPO emission pattern. Signal and idler waves are
Fig. 4. Typical far field pattern of mini-cavity OPO emission.

The empty spot indicates the direction of the mini-cavity optical

axis, while the white spot indicates the direction of the pump.
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always generated with a particular angle between

them (conical emission). The pump beam direction

is always between the signal and idler waves. In

this picture, a faint pattern of cold cavity rings

can also be observed.
The directions of the signal and idler waves and

the angle of conical emission depend strongly on

the mini-cavity orientation with respect to the

pump beam as shown in Fig. 5(a)–(d). Fig. 5(a)

shows the generation on one resonant cone; Fig.

5(b) indicates that two cone emission is possible.

This generation pattern is very sensitive to cavity

orientation in the phase matching direction, and
is very weakly dependent on the pump energy,

which indicates that the regime is quasi-linear.

When the mini-cavity orientation is changed in

the nonphase matching direction, then the signal

and idler waves rotate around the direction of

the pump beam (Fig. 5(e)–(h)). Here, the mini-

cavity orientation angle in the phase matching

direction is fixed at a 0.75� angle. Our observations
show that the signal and idler waves rotate around

the pump beam direction by nearly 180� when the

orientation is changed by ±1�. The OPO threshold

increases when the mini-cavity orientation in the

nonphase matching direction exceeds 0.5�. At the

value of 1� the OPO threshold energy rises from

7 to 15 mJ (36 MW/cm2).

For a theoretical interpretation of the observed
conical and multiconical patterns, we first describe
Fig. 5. Experimentally recorded far field pattern of DOPO. (a)–(d) M

matching direction (ax). (e)–(h) In the nonphase-matching direction a
the formation of the ring structure of the far field

in the cold cavity. We assume that the OPO radia-

tion resides on the resonant rings of the cavity in

accordance with the theory of multiconical OPO

emission in monolithic resonators [20], and based
on this assumption we describe the formation of

OPO patterns.

As far as the resonant rings of the cold cavity is

concerned, we recall that the intensity transmission

coefficient of the Frabry–Perot cavity is given by

T ¼ t1t2
1þ r1r2 � 2

ffiffiffiffiffiffiffiffi
r1r2

p
cosðuÞ ; ð1Þ

where r1,2 and t1,2 are the reflection and transmis-

sion coefficients of the mirrors, calculated for the

field amplitude (the intensity reflection and

transmission coefficients are Ri ¼ r2i ; T i ¼ t2i and

Ri þ T i ¼ 1). The resonator finesse is related with

the cavity parameters via a standard definition
F ¼ pðR1R2Þ1=4=ð1�

ffiffiffiffiffiffiffiffiffiffi
R1R2

p
Þ, which in the limit of

good cavity simplifies to F � 2p/(T1 + T2). The u
is the phase shift over full resonator roundtrip of a

wave tilted at the angle awith respect to the optical

axis of the cavity: u = (lcos (a) � l0) Æ 2p/k. l is the
full length of the cavity, l0 is the full resonant length

of the cavity, and k is the wavelength. Eq. (1) results
in a well-known ring structure (Fresnel rings) of the
large aspect ratio resonators. Fig. 6 shows the ring

structure as following from (1), and taking into ac-

count parameters of the cavity used in experiments:
ini-cavity orientation as the pump beam is tilted in the phase-

y.



Fig. 6. Ring structure of a cold cavity. The white spot indicates

direction of the pump beam, and the pairs of symmetrically

(with respect to the pump direction) placed pattern spots

illustrate possible directions of the OPO generation. The pair 1

illustrates OPO generation on the same (first) ring, the pair 2 –

on two different rings. The ring density is inversely proportional

to the full cavity length, and the radius of the inner ring depends

on the off-resonance detuning.
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we use the value of the full cavity length l in (1) as di-

rectly taken from experiments, and we choose the

resonant cavity length l0 by matching the radii of

the inner resonant ring in experimental observations

and in numerical calculations. The rough interpre-
tation of the experimentally observed patterns is

illustrated in Fig. 6. We fix, for simplicity the origin

of the coordinate system with the direction of the

optical axis of the resonator, but vary the angle of

the pump a0 = (a0,x,a0,y) in bothx, and y, directions,
which correspond to the direction along and trans-

versally to the direction of phase matching.

The OPO emission is determined essentially by
the following three conditions:

1. By the resonance conditions for the mini-reso-

nators (multicones with respect to the optical

axis of the resonator) as described by (1), which

means that the emission should reside on the

resonant rings.

2. By the phase momentum conservation condi-
tion, which means that the emission in the far

field domain must be symmetric with respect

to the direction of the pump.

3. By the phase matching condition.
The pattern spots, as shown in Fig. 6, indicate

the direction of OPO generation. It is obvious

from this illustration that the fulfilment of the
above conditions results in a complicated angular

structure of the OPO generation.

Mathematically, the total gain of the OPO in

the linear regime is given by

gða1;2Þ ¼ � b1ða1Þ þ b2ða2Þ
2

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cða1;2Þ2 þ

ðb1ða1Þ � b2ða2ÞÞ
2

2

s
; ð2Þ

as easily obtained from solution of equations

describing parametric gain in lossy media (see,

e.g. [21]). Here, b1,2(a1,2) are the coefficients of
the losses for both generated waves depending

on their angles (corresponding to the resonant

ring structure – see condition 1), and c(a1,2) is

the gain coefficient, which is dependent on the

angles of both generated waves (the cone of

phase matching in the case of vectorial synchro-

nism – see condition 3). For a strong gain,

c� b1,2 (2) simplifies to g(a1,2) = c(a1,2) � (b1
(a1) + b2(a2))/2. The coefficients of losses follow

directly from (1). Next, we take into account

the momentum conservation condition with re-

spect to the direction of pump beam. If we as-

sume that the pump beam is a plane wave

(spatial d – function in the far field domain) then

the emission angles of both waves a1,2 fulfil:

a1 + a2 = 2a0. This allows to eliminate one angle
(say a2) from (2). Finally, introducing (e.g., phe-

nomenologically) the expression of the phase

matching c(a1,2) one obtains an analytical expres-

sion for the direction of the OPO generation a1.

The resulting analytical expression for the angu-

lar distribution of OPO radiation in the far field

is cumbersome, and we do not give it here. In-

stead, we plot the intensity distributions predicted
by the formula in Fig. 7.

Qualitatively, the correspondence between

experimentally observed (Fig. 5) and numerically

obtained (Fig. 7) distributions is good. The conical

emission angle varies with the angle of the pump

by varying the pump angle in the phase matching

direction (by varying the phase matching cone an-



Fig. 7. Simulated OPO far field pattern. Resonator detuning D = 0.2 (as normalized to free spectral range), finesse F = 50, gain c = 5

(as calculated for to photon propagation length in a cold cavity), u – the phase matching angle of OPO emission; ax – angle between

coupling beam and cavity optical axes in phase matching direction, ay – angle in nonphase matching direction. Dashed concentric rings

indicate the resonance rings of the cold cavity.
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gle phenomenologically) as shown in Fig. 7(a)–(d).

Also the far field patterns rotate by varying the

pump angle in the direction perpendicular to the

phase matching direction, as shown in Fig. 7(e)–

(h). Typically, upon varying the pump angle, the

radial and the azimuthal emission angles vary

smoothly, before they jump abruptly to new loca-

tions. The quantitative correspondence between
the far field distributions for different angles be-

tween the pump wave and the optical axis of the

resonator is also good.

In conclusion, we demonstrated OPO genera-

tion in a monolithic BBO type I crystal mini-cavity.

We show that OPO emission in a monolithic mini-

cavity is conical and multiconical, so signal and

idler wave directions depend on cavity detuning
to laser frequency, phase matching cone and cavity

orientation with respect to the pump beam. This

allows the OPO emission direction to be controlled

by changing the mini-cavity orientation, by tem-

perature changes or by laser frequency change. In

the case of external monolithic mini-cavity refrac-

tive index change, or external phase matching con-

dition change, the OPO emission angles can be
modulated or attenuated (external electric field or

external light induced refractive index change).
We expect that OPO far field control is also

possible for a nonmonolithic cavity, although the

monolithic mini-cavity is attractive for compact-

ness and stability of the cavity alignment.
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